This paper proposes a new control system that facilitates two-degrees-of-freedom (2DOF) control to reduce the output voltage distortion in the self-sustained operation mode of a photovoltaic generation system. The proposed control system is configured by combining the disturbance observer using a notch filter (notch type disturbance observer) and a sinusoidal tracking controller. This configuration of the system facilitates high tracking performance and high disturbance suppression performance. This system is a new frequency-separation-type 2DOF control system that has the complete tracking performance of only the fundamental frequency, and has the desired recovery performance of the other harmonic frequency and the quick inserting load current. The numerical simulation results and experimental results confirm that the proposed control system reduces the output voltage distortion in an effective manner. Furthermore, the proposed control system is highly robust to the changes in the load.
Introduction
A single-phase voltage type inverter is primarily used to convert a DC voltage such as a solar cell or a battery to a AC voltage. As an example of a voltage type single-phase inverter applications, a grid-connected inverter for photovoltaic (PV) generation system is enumerated. In most cases, the power conditioner consists of the combining a DC-DC converter and a single-phase inverter with an LC filter, which is connected to the utility grid, as shown in Fig. 1 . Normally, the power conditioner runs at grid-connected operation mode (1) . Meanwhile, if a power failure occurs due to a lightning strike or emergency, the power conditioner runs in a self-sustained operating mode. In both operating modes, a high-quality of the output waveform of a single-phase inverter is required.This paper focuses on a output voltage control system in the self-sustained operation mode.
Basically, a proportional-integral (PI) or a proportionalintegral-derivative (PID) controller are used as controller of the single-phase inverter (2) (3) . These controller has an integral element, it has the complete tracking performance on step reference. Therefore, these controller cannot track to sinusoidal reference completely. It has the high gains and carries out the almost complete tracking for sinusoidal reference. However, the high gain PI or PID controller often has large influence on the noise frequency and the other harmonic frequency.
In order to obtain a high-quality output voltage waveform, the control system should achieve high tracking performance with respect to the sinusoidal reference. As conventional control method of the inverter to obtain a high-quality output waveform (3) - (9) , deadbeat control and repetitive control has been proposed (4) (5) (10) (11) . Deadbeat control can realize highspeed response (4) (5) . However, if the parameters of the main circuit are varied, the control system often shows vibrations in the response waveform. In a system with repetitive control, a band-pass filter is often used to ensure the stability of the system (10) (11) . However, it is difficult to design the bandwidth or cutoff frequency of the filters, and this method often suffers from problems such as poor transient response.
Meanwhile, a conventional 2DOF control system is configured with the PI controller and the disturbance observer (9) (12) (13) , the tracking performance and disturbance suppression performance are determined by both PI controller and disturbance observer, respectively. Therefore, the 2DOF control system always must keep these two performance requirements independently. However, it is sometimes difficult for a conventional 2DOF control systems to realize and keep both these two performances separately and independently (14) (15) . In order to overcome these problems, this paper proposes a new frequency separation 2DOF control by using the notch type disturbance observer and the sinusoidal tracking c 2016 The Institute of Electrical Engineers of Japan.
controller (16) . The proposed sinusoidal tracking controller tracks completely only sinusoidal reference (50 Hz in this paper) independently with the disturbance observer. The proposed control system has a high versatile system for a singlephase inverter. Thus, the proposed control system is also possible to apply to grid-connected operation mode of the PV generation system. This paper confirms the validity of the proposed control system by the numerical simulations and the experiments, where the load comprised resistance and a rectifier. The various load changes are assumed in the self-sustained operating mode. Therefore, the high robustness of the proposed control system using disturbance observer is confirmed by experiments of the resistance load change.
Principle of Proposed Control System

PI Controller and Sinusoidal Tracking Controller
In the control system of a single-phase inverter, the reference is a sinusoidal waveform. The regulator of the control system requires high tracking performance to the sinusoidal reference. Hence, the regulator should be designed to track only the fundamental frequency completely. A previous report (7) is mentioned about two conditions that the output of plant system tracks the reference. Two conditions are as follows.
• The closed-loop system is asymptotically stable.
• The open-loop transfer function of the system includes a mathematical model to generate the reference signal. A PI controller or a PID controller has been used as the conventional regulator in a single-phase inverter (2) (3) . However, it is sometimes difficult for these controllers to track to the sinusoidal signal completely, because the mathematical model of both PI controller and PID controller has no sinusoidal waveform function and has only step function. These controller do not satisfy the complete tracking performance to the sinusoidal reference, it is often difficult for these regulators to design the controller gains. In order to track the sinusoidal reference, a sinusoidal tracking controller has been proposed (6) - (8) . Figure 2 shows a tested single-phase inverter circuit. This circuit consists of a single-phase inverter and an LC filter. L f and C f denote filter inductance and filter capacitance, respectively. V dc and i load represent the input voltage and the output current, respectively. v C f and i L f are detected by the sensor.
In this paper, the load has non-liner load (diode rectifier) or resistance load. When the load current i load has harmonics components, the output voltage v c f has harmonics distortion because of the output filter.
The difference between v ref C f and v C f is controlled by the regulator, and its output is the voltage reference v inv . The gate signals are determined by comparisons with the v inv and the triangular carrier. Table 1 lists the parameters of the tested inverter circuit. These parameter use as a condition of numerical simulations and experiments in Sects. 4 and 5. Figure 3 shows the control block diagram of the conventional controller. The reference signal of the control system is a sinusoidal waveform of 50 Hz. Figure 3(a) shows the control system based on PI controller (2) . The transfer function of the system shown in Fig. 3(a) is given by 
where K p , K i , and Ki L f represent the proportional gain, integral gain, and the gain of the current i L f current feedback, respectively. Figure 3 (b) shows the control system based on sinusoidal tracking controller. z 1 , z 2 , i L f , and v C f denote the state variables, respectively. f 1 to f 4 represent the state feedback gains. The optimal mathematical model G s (s) in the sinusoidal tracking controller is as follows:
where ω o represents the angular frequency. This paper uses a cosine-type mathematical model of the sinusoidal tracking controller. As the proposed sinusoidal tracking controller is a standard feedback control system, its desired response performance is determined by the state feedback gains f 1 to f 4 . Therefore, the proposed sinusoidal tracking controller has the cosine-type mathematical model and determines its desired response performance by f 1 to f 4 . The state equation using the state variables of the system is expressed aṡ
where
The transfer functions in Fig. 3 (b) are obtained in Eqs. (4) and (5).
The denominator coefficients d 4 to d 0 denote as follows:
In this system, the state feedback gains are calculated using the coefficient diagram method (CDM) (17) . These gain are parameters that determine the poles of the sinusoidal tracking controller. The stability indexes of the CDM are standard values, which is based on the previous reports (15) . Table 2 lists the parameters of PI controller and tracking controller. In this paper, the poles of the tested PI controller and the tested sinusoidal tracking controller are set at 6280 rad/s. The inverter switching frequency is 25 kHz. It is preferable for the poles for controllers to set 2.5 kHz or less for the stable operation of the system. It is necessary to make the pole the same value to compare the control methods. Figure 4 , shows the frequency characteristics of closedloop transfer function on the sinusoidal tracking controller and the PI controller, whose poles are 6280 rad/s by tradeoff condition of the experimental system optimally. When the pole set to large value, the inverter reduce the distortion of the output voltage. However, the system is easy to unstable by a noise. The sinusoidal tracking controller and the PI controller in this paper keep 0 dB on the fundamental frequency 50 Hz in the closed-loop transfer function. Using the PI controller causes a phase delay at the fundamental frequency, whereas using the sinusoidal tracking controller does not cause a phase delay at the fundamental frequency. The input of the control system is a step reference, the PI controller is preferred because this regulator respond to the entire frequency. If the input of the control system is the sinusoidal reference, the sinusoidal tracking controller is preferred because this regulator responds to only the fundamental frequency. Therefore, in order to track to the reference signal completely, the regulator must meet the mathematical model with respect to the reference. Figure 5 shows the open-loop frequency characteristics. Figure 5 indicates that the gain characteristic has a peak value at the fundamental frequency when using the sinusoidal tracking controller. Thus, the sinusoidal tracking controller is suitable for the regulator of the system because this controller tracks the sinusoidal signal completely. Figure 6 shows the principle of the proposed control system. v Therefore, the sinusoidal tracking controller requires completely track to the fundamental frequency. In control system of the single-phase inverter for a PV generation system, a DC frequency component and AC frequency components except for the fundamental frequency are disturbance. Therefore, these frequency components should be suppressed. Thus, the control system requires the enhanced disturbance suppression and high tracking performance to the sinusoidal reference.
Configuration of Proposed Control System
This paper defines the notch type disturbance observer as the total system of the disturbance observer and the complete suppression feedback loop of harmonic frequency without fundamental frequency, which includes the notch filter (16) . The configuration of the suitable control system to satisfy both performances is shown in Fig. 6 .
A typical 2DOF control system configured such as PI controller and disturbance observer is designed for all frequencies and does not consider the frequency separation. The proposed frequency separation type 2DOF control system achieves high tracking performance and high disturbance suppression performance separately and independently, in comparison with typical 2DOF control system. Hence, this system differs from the typical 2DOF control system. Figure 7 shows a block diagram of the proposed control system. The proposed control system combines the sinusoidal tracking controller and the notch type disturbance observer. The sinusoidal tracking controller regulates only fundamental frequency component of the output voltage (50 Hz in this paper). The output of the regulator v r almost has fundamental voltage component. On the other hands, the proposed notch type disturbance observer suppress only harmonics components in the output voltage. The output of regulator v dis has harmonics components. The load current i load is estimated by using a disturbance observer in which the inputs are the filter reactor current i L f and output voltage v C f . The estimated load current is calculated by using disturbance observer as follows: Fig. 7 . Block diagram of frequency separation 2DOF control system by notch type disturbance observer
Details of the Proposed Control System based on Notch Type Disturbance Observer
The estimated load currentî load is shown in Fig. 7 . The pole g dis of the disturbance observer can be set to independently and separately. In this paper, in order to confirm the performance of proposed system, the pole g dis of the disturbance observer is the same as the poles of the sinusoidal tracking controller and the PI controller. The notch type disturbance observer is based on the disturbance observer (12) (13) , which estimates the output current i load . The output of the notch type disturbance observer v dis is added to the output signal of the sinusoidal tracking controller v r as the compensation value for the voltage dimension. Therefore, the estimated value excluding the fundamental frequency is feedback by multiplying the inverse model of the plant system. However, the order of the numerator is increased by the derivative elements. Thus, in order to stabilize the system, a first order low-pass filter G lp f (s) is added to the notch type disturbance observer. The transfer function of G lp f (s) and the notch filter G notch (s) are given by these equations.
where d, Δ f , f o , and g lp f denote the depth of the notch, the width of the notch, the center frequency of the notch, and the pole of the G lp f (s), respectively. The transfer functions of the system are expressed as these equations.
The numerator coefficients n 2 to n 0 in Eq. (11) denote as follows:
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where G f b (s) is the feedback elements of the notch type disturbance observer in Fig. 7 .
The transfer function of G f b (s) is expressed as
Equations (10) and (11) indicate that the poles of the observer and the regulator are divided in the denominator polynomial. Therefore, the sinusoidal tracking controller and the disturbance observer are designed and constructed by using the separation principle. The construction of the proposed control system realizes the frequency separation type 2DOF control system.
Numerical Simulation Results
The validity of the proposed control system is confirmed by the numerical simulation results using the tested IGBT inverter as shown in Fig. 2 . The numerical simulation is implemented with sufficiently fine pitch width using the RungeKutta method with fixed integration pitch. The pitch width is set at 0.1 μs. The elements of the main circuit use ideal devices. All poles of the PI controller, the sinusoidal tracking controller, and the disturbance observer are set to 6280 rad/s by trade-off condition of the experimental system.
In the proposed control system, the depth of notch d is determined to sufficiently suppress the frequency components except for the fundamental frequency. d is set at 0.001 (−60 dB). By determining the notch depth, the approximate bandwidth of the notch Δ f is determined. Δ f is set at 20 Hz. Further, the center frequency of notch f o is set at 50 Hz, and the poles of low-pass filter g lp f is set at 6280 rad/s. Figure 8 shows the frequency characteristics of the notch filter G notch (s). Figure 9 shows load circuits. A lot of diode rectifier circuits are connected as the load of the single-phase inverter. Hence, this paper uses non-linear load (diode rectifier circuit) shown in Fig. 9(a) as load to clarify the effectiveness of proposed control method in the steady state. The load comprised resistance and a rectifier is used, as shown in Fig. 9(a) , where the values are 290 Ω and 90 μF, respectively. The peak value of the inverter output current is set at 5 A based on the specifications of the tested inverter. The output power is set at 140 VA. The disturbance observer using the proposed control system is known as one of the robust control method. Therefore, the robustness of the notch type disturbance observer is confirmed by the resistance load change. The resistance load has a long conduction period of the output current than the diode rectifier circuit, and the influence of of the load change appears. Figure 9 As shown in Fig. 10(a) , the tested PI controller has some phase error. Hence, the complete tracking could not be achieved, because this PI controller does not satisfy the complete tracking performance to the sinusoidal reference. By contrast, the complete tracking is achieved using the tested sinusoidal tracking controller and the tested proposed control system, as shown (b) and (c) in Fig. 10 , respectively. The voltage ripples appear around every voltage peak because a rush currents flows to the load at the area. In order to reduce the voltage ripple, it is necessary to have highly switching frequency and to raise the pole of the controller. Table 3 summarizes the THD of the output voltage in the numerical simulations. Here, the definition of the THD is follow.
T HD
Where V n is n-order RMS value. The THD ratio of the output voltage is improved by 16% by using the proposed control system. Here, the definition of the THD ratio is follow.
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Resistance Load Change
Figures 11(a)-11(c) show the simulation results using the PI controller, the sinusoidal tracking controller, and the proposed control method, respectively. This paper carried out the resistance load change using the circuit parameter shown in Fig. 9 The waveforms indicate the voltage reference v and 1.5 ms, respectively. The characteristic of the decrease of the load and the increase of load is almost the same. Therefore, the robustness of the proposed control system is verified by the numerical simulations of resistance load change.
Experimental Results
This paper confirms the effectiveness of the proposed control system by the experiments all results using the tested IGBT inverter as shown in Fig. 2 . All of the tested control systems are implemented by DSP (TI TMS320C6713) software algorithm, whose sampling time is 40 μs.
Load of Resistance and Rectifier
The experimental conditions and parameters for resistance and a rectifier are same as those used in the numerical simulations. Similarly, using the tested PI controller, the complete tracking could not be achieved, as shown in Fig. 13(a) . The experimental results of tested PI controller also has some phase error and some harmonic frequency. By contrast, the complete tracking is achieved using the tested sinusoidal tracking controller and the tested proposed control system, as shown in Figs. 13(b) and 13(c), respectively. Table 4 results. The THD ratio of the output voltage is reduced by 16% by using proposed control system. The validity of the proposed control system is also confirmed by the FFT analysis results as shown in Fig. 14. Figure 14 shows the FFT analysis results of the output voltage in the case of using resistance and a rectifier. The FFT analysis results indicate the performance of PI controller, the performance of sinusoidal tracking controller and the performance of proposed control system, respectively. The system using the PI controller has small voltage amplitude at the fundamental component, in comparison with the proposed system. Therefore, the proposed control system realizes the fine tracking performance for the fundamental frequency reference. On the other hand, the control system using a PI controller has harmonics with large amplitude compared with the proposed control system. By contrast, the proposed control system decreases the amplitude of harmonics. The proposed control system has the fine disturbance suppression performance, in comparison with the system using the PI controller. Therefore, the effectiveness of the proposed control system is verified by the experimental results.
Resistance Load Change
The experimental Fig. 15 , respectively. By contrast, the load current response time using the tested proposed control system is 1.5 ms, as shown in Fig. 15(c) . The improvement in the load current response time is 40%. Thus, the proposed control system improves the The proposed control system with a notch type disturbance observer enhances the robust control performance.
Conclusion
In order to improve the output voltage distortion in a single-phase inverter, this paper a new frequency separation 2DOF control system which has a complete tracking performance of only fundamental frequency, and has the desired recovery performance on the other harmonic frequency and the quick inserting load current. As the sinusoidal tracking controller has the sinusoidal mathematical model of fundamental frequency, the sinusoidal tracking controller has a large peak gain of only fundamental frequency. The notch type disturbance observer has the complete suppression performance of the frequency bands without fundamental frequency. This paper verifies the effectiveness of proposed control system by using the numerical simulation results and experimental results. Using the proposed control system, THD of the output voltage is reduced by 16% in experiments that employs resistance and a rectifier. Furthermore, the current response time is reduced by 40% in load change experiments.
